Abstract This study was aimed at characterizing the functional progression of the endothelial (ECs) and smooth muscle cells (SMCs) of the coronary microvasculature between youth and old age, as well as at determining the mechanisms of the observed changes on the basis of the glucose tolerance, mitochondrial energy metabolism, and oxidative stress. Male rats were divided into four age groups (3, 6, 11, and 17 months for the young (Y), young adult (YA), middle-aged (MA), and old (O) animals). The cardiac mechanical function, endothelial-dependent dilatation (EDD) and endothelial-independent dilatation (EID) of the coronary microvasculature were determined in a Langendorff preparation. The mitochondrial respiration and H 2 O 2 production were evaluated and completed by ex vivo measurements of oxidative stress. EDD progressively decreased from youth to old age. The relaxation properties of the SMCs, although high in the Y rats, decreased drastically between youth and young adulthood and stabilized thereafter, paralleling the reduction of mitochondrial oxidative phosphorylation. The ECs dilatation activity, low at youth, was stimulated in YA animals and returned to their initial level at middle age. That parameter followed faithfully the progression of the amount of active cardiac endothelial nitric oxide synthase and whole body glucose intolerance. In conclusion, the progressive decrease in EDD occurring with aging is due to different functional behaviors of the ECs and SMCs, which appear to be associated with the systemic glucose intolerance and cardiac energy metabolism.
Introduction
Vascular aging has been extensively studied with a particular focus on the large conduit arteries such as the aorta. Indeed, normal aging is characterized by intima-media thickness increase (Liviakis et al. 2010) , aortic dilatation (Sawabe et al. 2011) , calcification of the aortic smooth muscle cells (SMCs) (Takemura et al. 2010 ), disruption of elastin fibers (Sawabe 2010) , and stiffness of the vascular wall (Lee and Oh 2010) . Associated with other lifestyle-related abnormalities (lack of physical training, insulin resistance, dyslipidemia, etc.), aging progressively contributes to the occurrence of cardiovascular diseases including stroke, myocardial ischemia, arrhythmias, and cardiac failure (Takemura et al. 2010) .
Aging is also characterized by progressive reduction of the physical capacities (Charansonney 2011) of individuals, which is partly due to a decline in cardiac function (Effron et al. 1987) . Aside from the pathological events such as atherosclerosis and wall thickening (Scott et al. 2011) of the large and medium coronary conductance arteries, this can be related to the coronary microvasculature. Indeed, the resistance arteries of the coronary network (arterioles and capillaries) finely regulate the blood flow of the heart, and thus the maximal capacity of that organ to pump blood through the body. The effect of aging on that microvasculature is poorly described in the literature. A morphological study performed in the senescent beagle (Tomanek et al. 1991) indicates lower capillary length density and capillary numerical density without change in volume density due to the enlargement of the capillary diameter. Two physiological studies in humans (Egashira et al. 1993; Chauhan et al. 1996) and one in guinea pigs (Toma et al. 1985) emphasize the gradual decrease of the endothelial-dependent dilation (EDD) from youth to senescence.
However, the relative contributions of endothelial cells (ECs) and SMCs in that phenomenon have not been well documented. The aging-induced decrease in EDD is completely reversed by L-arginine infusion in the coronary network (Chauhan et al. 1996) , highlighting the importance of the bioavailability of this endothelial nitric oxide synthase (eNOS) substrate in the age-related disturbance of the coronary microvasculature. After L-arginine utilization by the eNOS enzyme, replenishment of its EC pool depends on two pathways. The first one is based on the uptake of circulating L-arginine through the system y+ transporter (Wyatt et al. 2004) , whereas the second one is a rescue pathway which regenerates Larginine from citrulline, the product of the eNOS reaction, through an energy-dependent process (Wijnands et al. 2012) . This emphasizes the importance of the energy metabolism when L-arginine transport is poorly functioning. However, the energy metabolism appears profoundly affected by aging as evidenced by the decline in oxygen consumption (Castelluccio et al. 1994; Delaval et al. 2004) or oxidation phosphorylation rates (Fannin et al. 1999) in aged cardiac mitochondria. The oxidative stress known to be increased by aging (Labunskyy and Gladyshev 2014) can also influence the energy metabolism, mainly through inhibition of the energy transfer. Indeed, the creatine kinase system is sensitive to the redox potential and its activity is reduced by the oxidative stress (Venkataraman et al. 2009 ).
This study was aimed at determining the influence of aging from youth to old age on the functional behavior of ECs and SMCs in the vasodilatation of the coronary microvasculature. The effect of aging on the ECs and SMCs functions was studied in the ex vivo Langendorff-perfused heart derived from four batches of Wistar rats displaying different ages (3, 6, 11, and 17 months for youth, young adulthood, middle age, and old age). Oral glucose tolerance tests were performed, and the cardiac mechanical activity was also determined. The results were associated with the state of oxidative stress of various biological compartments (-in vivo plasma and ex vivo cardiac cytosol and mitochondria), as well as the mitochondrial function (oxidative phosphorylation and H 2 O 2 production).
Materials and methods

Experimental animals and diet
All experiments followed the European Union recommendations concerning the care and use of laboratory animals for experimental and scientific purposes. All animal work was approved by the local board of ethics for animal experimentation (Cometh, authorization number 152_LBFA-U1055-LD-03).
Twenty-eight male Wistar rats from an inbred colony were housed two per cage in our animal facility at 3 months of age. After, they were divided in four age groups of seven animals; the young (Y), young adult (YA), middle-aged (MA), and old age (O) rats, which were killed at the age of 3, 6, 11, and 17 months, respectively. They were fed a standard carbohydrate diet (A04, Safe, France) ad libitum, had free access to water, and their body weight was recorded twice per week. On the day of the experiment, the rats were weighed and heparinized via the saphenous vein (1,000 I.U./kg) before their killing. Blood samples were collected for further biochemical analysis and their adipose tissue was quantified for determination of the abdominal fat mass.
Oral glucose tolerance test
An oral glucose tolerance test OGTT was performed 2 weeks before the killing. Blood samples were collected from the tail vein immediately before and at 5, 25, 40, 60, and 180 min after glucose administration to determine the plasma glucose and insulin concentrations as described previously (Mourmoura et al. 2014) . The area between the plasma glucose curve (AUC) and the basal glycemia was then calculated in order to evaluate the glucose tolerance as previously used by Cortez et al. (1991) . However, the insulin samples of groups had an important degree of hemolysis, which made the detection of the insulin levels impossible.
Heart perfusion A rapid thoracotomy was performed, and the heart was immediately collected in Krebs-Heinselet solution maintained at 4°C. It was then rapidly (during the first minute following thorax opening) perfused at a constant pressure (59 mmHg) according to the Langendorff mode (Skrzypiec-Spring et al. 2007 ). The KrebsHeinselett buffer used contained (mM) NaCl, 119; MgSO 4 , 1.2; KCl, 4.8; NaHCO 3 , 25; KH 2 PO 4 , 1.2; CaCl 2 , 1.2; and glucose, 11 mM as energy substrate. It was maintained at 37°C and continuously oxygenated with carbogen (95 % O 2 /5 % CO 2 ). A latex balloon connected to a pressure probe was inserted into the left ventricle and filled until the diastolic pressure reached a value of 7-8 mmHg. It allowed the evaluation of heart rate, systolic, diastolic, and left ventricle-developed pressures throughout the perfusion protocol. The heart was perfused at constant pressure for 30 min with a pressure gauge inserted into the perfusion circuit just upstream the aortic cannula. This allowed the estimation of the coronary flow for each heart, which was evaluated by weight determination of 1-min collected samples at the 25th minute of perfusion. After the 30-min perfusion at constant pressure, the heart was perfused with a peristaltic pump (Gilson, Villiers-Le-Bel, France) at the coronary flow previously determined during the perfusion at constant pressure. The systolic, diastolic, and left ventricle-developed pressures as well as the heart rates were determined after 10 min of perfusion at forced flow in order to allow the heart a satisfying stabilization. The left ventricle-developed pressure was calculated by subtracting the diastolic pressure to the systolic pressure. The rate pressure product (RPP) was defined as the product between the left ventricledeveloped pressure and heart rate. It was used as indicator of the cardiac mechanical work (Gobel et al. 1978) . All the parameters were recorded and analyzed with a computer using the HSE IsoHeart software (Hugo Sachs Elektronik). The perfusion at constant flow was continued until the end of the measurement of the coronary reactivity.
Coronary reactivity
After the 10-min equilibration period at constant flow, the coronary tone was raised via the constant infusion of the thromboxane analog U46619 (30 nM) that was continuously infused into the perfusion system near the aortic cannula at a rate never exceeding 1.5 % of the coronary flow. This allowed the obtainment of a coronary pressure between 110 and 140 mmHg. In our perfusion model at forced flow, the aortic pressure equaled the coronary pressure and changes in the coronary tone triggered modifications of this parameter. Changes in aortic perfusion pressure were thus used to monitor changes in coronary tone. Relaxation responses to acetylcholine (Ach; 4, 10, 20, 40, 60, 80 , and 100 pmol) and sodium nitroprusside (SNP; 100, 200, 400, 600, 800, and 1,000 pmol) injections were then determined reflecting the endothelial-dependent vasodilatation (EDD) and endothelial-independent vasodilatation (EID), respectively.
The dilatation amplitude was calculated as the ratio between the maximal decrease in the coronary pressure and the coronary pressure just before the injection of the dilatation agents. As the heart weight and coronary volume were subjected to intra-and intergroup variations, a correction was performed to normalise the input function of the vasodilatation agents according to the coronary flow. The dose-response curve between the amount of vasodilatation agent injected and the maximal vasodilatation was then fitted to a logarithm function for each heart, which allowed the fulfillment of statistical analyses. Moreover, the vasodilatation activities of the ECs were also estimated from the corrected EDD and EID curves. For each heart and each injected Ach dose, the amount of SNP (reflecting the amount of dilatation agent) necessary to obtain the same percentage of Achinduced vasodilatation was extracted from the EID curve according to the formula: EC vasodilatation activity (ECVA)=e
, where a and b are the coefficients of the theoretical EID curve. The results were expressed in picomole-equivalents of SNP. At the end of the perfusion protocol, a piece of myocardium (about 200 mg) from the apex of the heart was immediately freeze-clamped and stored at −80°C for further analysis. The other part of the myocardium was immediately used for isolated mitochondria preparation.
Mitochondria preparation
After the perfusion, atria and the remaining aorta were cut off from the heart, and cardiac mitochondria were prepared as described previously (Mourmoura et al. 2011 ).
Mitochondrial respiration measurements
The rate of mitochondrial oxygen consumption was measured as previously described (Mourmoura et al. 2011 ) at 30°C in an incubation chamber with a Clarke-type O 2 electrode filled with 1 ml of incubation medium (KCl, 125 mM; Tris-Base, 20 mM; EDTA, 5 μM; CaCl 2 , 10 μM; KH 2 PO 4 , 3 mM; pH 7.2; and fatty acid-free bovine serum albumin, 0.15 %). A low amount of CaCl 2 was added to the medium in order to stimulate the oxidative phosphorylation. The presence of calcium activates several Krebs cycle dehydrogenases (Cox and Matlib 1993) , leading to maximally stimulated mitochondrial respirations in states II, III, and IV and allowing the emphasis of differences which does not exist in the absence of the divalent cation. All measurements were performed using mitochondria (0.2 mg mitochondrial protein/ml) incubated with the following substrates: (i) glutamate (5.5 mM)/malate (2.5 mM); (ii) succinate (5.5 mM) plus rotenone (2.5 μM); and (iii) glutamate (5.5 mM)/malate (2.5 mM)/succinate (5.5 mM) in the presence of ADP at 1 mM (state 3) and after addition of oligomycin (0.5 μg/ml, state 4). The incubation medium was constantly stirred with a built-in electromagnetic stirrer and bar flea. Coupling of the mitochondrial oxidative phosphorylation was assessed by the state 3/state 4 ratio (respiratory control ratio (RCR)). When glutamate/ malate was used as a substrate, the RCR averaged 6.5 ±0.3, 6.6±0.9, 7.3±0.5, and 7.4±0.1 in the Y, YA, MA, and O groups, indicating a satisfying integrity of our mitochondrial preparations.
Mitochondrial reactive oxygen species release
The rate of mitochondrial H 2 O 2 production was measured at 30°C on a F-2500 Hitachi spectrofluorimeter. It followed the linear increase in fluorescence (excitation at 560 nm and emission at 584 nm) due to enzymatic oxidation of amplex red by H 2 O 2 in the presence of horseradish peroxidase. Reaction conditions were 0.25 mg of mitochondrial protein/ml, 5 U/ml of horseradish peroxidase, 1 μM of amplex red, with glutamate/malate, succinate without rotenone, or glutamate/malate/ succinate (in the same concentrations as in the respiration measurements). They were added in order to start the reaction in the same incubation buffer with that used for measurements of mitochondrial oxygen consumption. Mitochondrial ROS were measured in the absence of ADP. Rotenone (1 μM) and antimycin A (0.5 μM) were sequentially added to determine, respectively, the maximum rate of H 2 O 2 production of complexes 1 and 3 of the respiratory chain.
Oxidative stress measurements
Plasma oxidative stress
Protein oxidation in the plasma was evaluated by the disappearance of protein thiol groups (Favier 1995) . The antioxidant status of the plasma was evaluated using ferric-reducing antioxidant power (FRAP) assay as a global marker of the antioxidant power as described previously (Mourmoura et al. 2013) . GPx activity was evaluated by the modified method of Günzler et al. (1974) using terbutyl hydroperoxide (Sigma Chemical Co, Via Coger, Paris, France) as a substrate (Mourmoura et al. 2013 ).
Cytosolic redox potential
Lactate and pyruvate released in the coronary effluents were spectrophotometrically assayed according to Bergmeyer (1974) . The lactate to pyruvate ratio was calculated to estimate the cytosolic redox potential (Nuutinen 1984) .
Mitochondrial oxidative stress
The ratio between the activities of aconitase and fumarase of the myocardium was calculated as an indicator of ex vivo mitochondrial ROS production. Aconitase and fumarase activities were determined according to Gardner et al. (1994) .
Activities of the respiratory chain complexes and citrate synthase
Activities of the NADH-ubiquinone oxydo-reductase (complex 1), succinate-ubiquinone oxydo-reductase (complex 2), ubiquinol cytochrome c reductase (complex 3), and cytochrome c oxidase (complex 4) were determined as previously described (Mourmoura et al. 2011 ) in isolated mitochondria. The citrate synthase activity was determined in cardiac homogenates according to Faloona and Srere (1969) .
Western blot
The expression of total eNOS and phosphorylated eNOS Ser1177 was evaluated by Western blot in cardiac homogenates prepared as described previously (Mourmoura et al. 2013 ). The antibodies used were rabbit antibodies against total eNOS (1:150; Thermoscientific, Illkirch, France), phosphospecific mouse antibodies against eNOS Ser1177 (1:1,000; BD Biosciences Pharmingen, Le Pont de Claix, France), horseradish peroxidase-conjugated antimouse IgG for eNOS Ser1177 (1:3,000; Jackson Immunoresearch, Montluçon, France), and antirabbit IgG for total eNOS (1:20,000; Jackson Immunoresearch, Montluçon, France). PAN-Actin (1:1,000, Cell Signaling Technology, St-Quentinen-Yvelines, France) was used as a loading control.
Other biochemical determinations
Proteins were measured using the bicinchoninic acid method with a commercially available kit (Thermo Scientific, Rockford, IL).
Statistical analysis
Results are presented as mean ± SEM. Animal weight, glycemia, activity of respiratory chain complexes, and data describing the oxidative stress, the mitochondrial function, the cardiac mechanical, and vascular function (developed pressure, heart rate, RPP, and coronary pressure) were contrasted across the four groups by one-way analysis of variance (ANOVA). Measures related to the action of the vasodilatation agents were treated with repeated-measures ANOVA to test the effect of the age (external factor), that of the amount of dilatation agent (internal factor) and their interactions. When required, group means were contrasted with a Fisher's LSD test. A probability (p) of less than 0.05 was considered significant. Statistical analysis was performed using the NCSS 2004 software.
Results
General data
As shown in Table 1 , the body weight followed a progressive increase with age. The YA rats had a 15.3 % increase in their body weight, which was followed by a further increase of 13.3 and 48.1 % for the MA and O animals. This was not the case for the adipose tissue which did not follow the same pattern. More specifically, all types of adipose tissue were significantly increased between 3 and 6 months of age (+67, +91, and +53 % for the epididymal, visceral, and retroperitoneal adipose tissues) and stabilized thereafter until the old age. Consequently, the abdominal adipose tissue estimated as the sum of the retroperitoneal and visceral adipose tissues was similarly increased (+61 %) between 3 and 6 months of age. Triglycerides and cholesterol concentrations in the plasma at the moment of the killing were moderately modified until the middle age but increased thereafter (+67 and +73 %, respectively).
There was a modest but significant impact of aging on the basal glycemia. Compared with the value measured in the youngest group, the one measured at 6 months of age was higher (+9 %, Fig. 1a ). Between 6 and 11 months, it decreased (−20 %) and increased again thereafter (+18 %). The results of the oral glucose tolerance test were different (Fig. 1b) . The area under the curve increased strongly between 3 and 6 months (+121 %). Thereafter, that parameter progressively returned to the value determined in the youngest animals.
Cardiac function studied ex vivo
The mechanical function of the perfused isolated hearts was monitored before and 20 min after the infusion of U46619 (Table 2) . Aging had no significant effects on the heart rate until the age of 11 months, but decreased it thereafter (−24 %). LVDP was first decreased (−19 % between 3 and 6 months), and then progressively restored until the old age. Finally, RPP inversely followed the increase in the adipose tissue mass with a reduction between 3 and 6 months (−29 %) and a stabilization thereafter. The infusion of U46619 raised the coronary pressure to values ranging from 110 to 141 mmHg but did not modify the parameters of the cardiac function.
Coronary reactivity
The responses to Ach of the coronary microvasculature were significantly affected by aging as shown in Fig. 2a . Indeed, aging triggered a progressive decrease in the EDD, first between 3 and 6 months of age (−23 % at 60 pmol of injected Ach), and then between 6 and 11 months (−38.5 % at 60 pmol of injected Ach). Thereafter, between 11 and 17 months, the observed decrease was not significant. The calculated vasodilatation activities of the ECs are presented in Fig. 2b . That parameter was increased between 3 and 6 months (+ 280 % at 60 pmol of injected Ach) but was decreased thereafter reaching the initial level observed at the young age. Fig. 2c depicts the SNP-induced vasodilatation in the three age groups. Interestingly, the EID strongly decreased from youth to young adulthood (−56.7 % at 600 pmol of injected SNP) and stabilized afterwards at middle and old ages.
eNOS expression and phosphorylation
No changes were observed between age groups in the levels of total eNOS (Fig. 3a and c) in cardiac homogenates. However, the amount of phosphorylated Fig. 3a and b) increased between 3 and 6 months and returned thereafter to the value observed in the youngest animals.
Oxidative stress
Plasma thiol groups were reduced at 11 months (−15 % for the MA group compared with the Y group) but increased thereafter indicating increased oxidative stress at the age of 11 months, which was then restored (Fig. 4a) . The global antioxidant power as estimated by the FRAP assay in plasma samples was progressively decreased by aging (Fig. 4b) , reaching a significant difference from the age of 11 months (−22 and −30 % for the MA and O groups compared with the Y group). However, an increased glutathione peroxidase activity ( Fig. 4c) was observed in the plasma of old rats (+14 % compared with the Y animals). No difference was observed in the cytosolic redox potential as estimated by the lactate-to-pyruvate ratio in the coronary effluents (Fig. 4d) . As shown in Fig. 4e , the aconitase-tofumarase ratio estimated in cardiac homogenates was significantly decreased only after middle age (−33 % between 11 and 17 months), indicating a noticeable mitochondrial oxidative stress in the oldest animals.
Mitochondrial H 2 O 2 production
The effect of aging on basal glutamate/malate-related mitochondrial H 2 O 2 production assayed in isolated mitochondria is presented in Fig. 5a . That parameter significantly increased between youth and young adulthood (+74 %) and was maintained high thereafter (+33 and +88 % at middle and old ages compared with youth). These differences were erased when antimycine A was added, emphasizing the involvement of the respiratory chain complex 3 in the age effects.
A biphasic pattern was observed for basal succinaterelated mitochondrial H 2 O 2 production (Fig. 5b) . The production, that was unchanged between 3 and 6 months, was increased between 6 and 11 months (+ 66 %) and strongly decreased thereafter (−56 %). The aging-related increase occurring between 6 and 11 months and the decrease between 11 and 17 months were inversed by the addition of rotenone alone and in association with antimycin A, suggesting that complex 1 was involved in that phenomenon probably through reverse electron flux.
When glutamate/malate/succinate were used as substrates, the pattern for the basal H 2 O 2 production ( Fig. 5c ) was similar. Indeed, that parameter was similar in 3-and 6-month-old rats, increased in the 11-month animals (+47 % compared with the Y group) and decreased thereafter (−79 % compared with the Y group). Although no difference was observed between 3 and 6 months, addition of rotenone rendered the 6-month value higher, a difference which was erased by antimycin A. Thus, complex 1 through inverse electron flux and also complex 3 were involved in that production. Furthermore, the increase in basal H 2 O 2 production occurring between 6 and 11 months was erased and even inversed by rotenone and can be attributable to the activity of complex 1, although a participation of complex III was also likely given the effect of antimycin A. Finally, the strong decrease in basal H 2 O 2 production observed between 11 and 17 months was cancelled by rotenone and inversed by the addition of antimycin A, suggesting the involvement of complexes 1 and 3 in the phenomenon.
Mitochondrial respiration
As shown in Fig. 6 , whatever the substrate(s) used (glutamate/malate, succinate/rotenone, and glutamate/ The number of experiments was 7 per group. Y young, YA young adult, MA middle-aged, O old, HR heart rate, LVDP left ventricle developed pressure, RPP rate pressure product, CP coronary pressure. a, b: the absence of a common letter indicates a significant difference malate/succinate) and the respiration state studied (state 3 or ADP-stimulated respiration and state 4 or rotenonerelated respiration), the respiration assayed in isolated mitochondria was reduced between 3 and 6 months (i.e., −29 % for the state 3 of glutamate/malate/succinate) and stabilized thereafter until middle age. Between 11 and 17 months, the evolution differed according to the substrate used. It remained stable with glutamate/malate, whereas it was further decreased with succinate/ rotenone and glutmate/malate/succinate (i.e., −73 % for the state 3 of succinate/rotenone).
Mitochondrial enzymatic activity
Aging did not alter the mitochondrial density until middle age as evidenced by the activity of citrate synthase of cardiac homogenates (4.73±0.08, 4.75±0.10, and 4.57 ±0.06 mU/mg at 3, 6, and 11 months). However, it was significantly decreased in the myocardium of 17-monthold animals (3.58±0.24 mU/mg, −22 % compared with 11-month-old rats).
Regarding the mitochondrial respiratory chain complexes activities in isolated mitochondria, with the exception of complex 2 whose activity was stable until 11 months of age and increased thereafter (+46 %), all of them had a stable activity until middle age, which decreased at the age of 17 months (−36, −25, and −35 % for complexes 1, 3, and 4) as shown in Fig. 7 .
Discussion
This study was aimed at determining the effects of aging on the function of the coronary microvasculature from youth to old age by evaluating the contribution of each cellular type (ECs and SMCs) in the coronary vasodilatation. These results were interpreted with regard to the systemic glucose tolerance, cardiac oxidative stress, and mitochondrial energy metabolism. The main results were that the EDD was progressively reduced by aging, the EID was decreased between youth and young adulthood and stabilized thereafter, and the vasodilatation activity of the ECs was decreased between young adulthood and old age after having been noticeably increased from youth to young adulthood.
In our study, the animals displayed a decrease in glucose tolerance from youth to young adulthood, which paralleled the increase in adipose fat mass during this period. Indeed, increased abdominal fat mass is known to trigger insulin resistance and glucose intolerance (Pfohl and Schatz 2001) . We do not know whether the cardiac Fig. 2 Coronary reactivity in young (Y), young adult (YA), middle-aged (MA), and old (O) rats. The number of experiments was seven per group. a Endothelial-dependant vasodilatation (EDD), b endothelial cell vasodilatation activity (ECVA), c endothelial-independent vasodilatation (EID); SNP sodium nitroprusside. a, b The absence of a common letter indicates a significant difference glucose tolerance was similarly affected by aging as systemic glucose tolerance. However, a recent study suggests that cardiac insulin resistance precedes systemic insulin resistance (Abel 2005) . A diminished glucose uptake from the heart during this period together with the decrease in glutamate/malate-associated oxidative phosphorylation and the presence of systemic oxidative stress (evidenced by the protein oxidation) could be associated with the decrease in cardiac mechanical activity and in the EDD of coronary microvasculature. The systemic oxidative stress could result from the activation of NADPH oxidase occurring at this age in the large conduit arteries (Oudot et al. 2006) and/or in the adipose tissue (Furukawa et al. 2004 ). Thus, the decline in cardiovascular function during aging starts early at life and is associated with events triggered by the increase in abdominal fat mass occurring during this period.
However, the abdominal fat mass was stable after 6 months of age, as well as the glutamate/malateassociated oxidative phosphorylation, suggesting the involvement of adipocytokines. This was also the case for the cardiac mechanical activity as already described in the literature (Mourmoura et al. 2011; Oudot et al. 2006) . These phenomena were also accompanied by the progressive disappearance of glucose intolerance at the old age. The biochemical regulations responsible for Fig. 3 Western blotting of the total endothelial nitric oxide synthase (eNOS), eNOS phosphorylated at serine 1177 (peNOS), and actin in cardiac homogenates. a Representative immunoblots; b quantification of peNOS; c quantification of total eNOS. The number of experiments was seven per group. Y young animals, YA young adult animals, MA middle-aged animals, O old animals. a, b The absence of a common letter indicates a significant difference that adaptation could involve an augmentation of the oxygen cost of energy synthesis in several organs evidenced in the myocardium of middle-aged rats by a reduced metabolic efficiency (mechanical activity to oxygen consumption ratio) (Mourmoura et al. 2011 ). This would favor the wasting of excess energy substrates such as glucose and normalize the whole body glucose tolerance. Thus, adaptation phenomena seem to occur after young adulthood allowing the normalization of glucose homeostasis reflected also at the level of oxidative phosphorylation and consequently of the cardiac mechanical function. The modifications of the oxidative phosphorylation observed with aging were not related to the changes in respiratory chain complex activity. Indeed, activities of all the complexes were stable until middle age. Thereafter, they decreased for complexes 1, 3, and 4 and increased for complex 2. Those results fit perfectly with those described in the literature (see the references presented in the "Introduction"). However, they do not explain the reduction of oxidative phosphorylation reported between youth and young adulthood, the decrease in oxygen consumption observed between middle and old ages with succinate/rotenone, and the upholding of mitochondrial oxidation noticed between middle and old ages with glutamate/malate. Taken together, these data indicate that the effects of age on the activities of the respiratory chain complexes cannot explain the aging-induced changes of oxidative phosphorylation. Advanced aging is known to increase the mitochondrial oxidative stress (Labunskyy and Gladyshev 2014) deriving notably from the respiratory chain complex 3 due to an inhibition of this electron transfer system (Fannin et al. 1999; Lesnefsky et al. 2001; Hoppel et al. 2002) . In the present study, the systemic and myocardial oxidative stress paralleled neither the glucose tolerance values nor the changes in energy metabolism. Glutamate/malate, a complex 1-related substrate, increased the H 2 O 2 generation as soon as young adulthood and the phenomenon seemed to occur mainly at the level of complex 3. By contrast, succinate, a complex 2-related substrate, increased the H 2 O 2 generation only at middle age through a production occurring by reverse electron flux at the level of complex 1. That increase was not confirmed at the old age, as the release was strongly reduced as compared with middle age, which could result from combined action of decreased complexes 1, 3, and 4 activities as well as increased complex 2 activity. A similar pattern was observed when glutamate/malate and succinate were used together.
The impact of these changes in mitochondrial oxidative stress was estimated ex vivo by evaluating the aconitase-to-fumarase, which was increased at 17 month of age. This was not in conflict with the results of the in vitro mitochondrial H 2 O 2 release. Indeed, glucose was the unique energy substrate supplied to the isolated heart, and it is a complex 1-related substrate such as glutamate/malate. Aging could thus increase mitochondrial H 2 O 2 release as soon as young adulthood. Until middle age, the heart could have sufficient anti-oxidant defenses to scavenge the toxic molecules, which progressively declined until the old age.
As reported previously, cardiac mechanical function was decreased between youth and young adulthood and stabilized thereafter. The cardiac mechanical efficiency reflecting the contractile capacities of myocardial fibers is defined as the RPP normalized to the heart dry weight. In the present study, we were not able to estimate the heart weight, as we used a part of the myocardium to prepare mitochondria. However, the heart weight is known to increase with age in the rat. This would amplify the aging-induced reduction of cardiac mechanical efficiency. That observation agrees well with our results of the mitochondrial oxidative phosphorylation which decreased between youth and young adulthood and stabilized thereafter. The type of perfusion chosen for our study could even contribute to attenuate the aging-related differences. Indeed, Langendorff perfusion at low extracellular calcium concentration minimally stimulates the heart. Aging could have reduced the cardiac mechanical work more intensively if the hearts had been maximally stimulated (working mode with high preload and perfusate calcium concentration). Differences could thus appear, particularly at the old age when the mitochondria display a reduced density and increased oxidative stress.
The coronary flow is an important regulator of the cardiac mechanical function. In the present study, we were not able to obtain a satisfying evaluation of the coronary flow, since we were not able to determine the heart weight. One of our recent studies (Mourmoura et al. 2011) performed in the same batch of animals revealed that the coronary flow expressed as ml/min/g of dry weight was unchanged between youth and middle age, suggesting that the coronary bed adapted in parallel with the gain of heart weight in normal aging. Furthermore, the coronary flow was only slightly decreased by aging in the Langendorff hearts of 21-month-old Wistar rats (−11 %) compared with that of their 2-month-old counterparts (Oudot et al. 2006 ). This confirms the study of Tomanek et al. (1991) , which indicates remodeling of the coronary vessels with age. This morphological study performed in young and senescent beagles has shown that aging reduces the capillary numerical density but maintains their volume density through a compensatory increase in capillary diameter. Thus, aging could not modify the coronary flow of Langendorffperfused hearts until the old age. We do not know if this vessel remodeling occurred in our rats, since species difference could occur. However, this allows the satisfying estimation of the coronary reserve.
Our study showed that aging triggered a progressive decrease in EDD, which began as soon as youth. That phenomenon is well recognized now with studies in humans (Chauhan et al. 1996; Egashira et al. 1993) and laboratory animals (Toma et al. 1985) agreeing well with this age-related decline. However, the contribution of each vascular cellular type is not known. Our study allows the description of that contribution. The function of the vascular SMCs of the coronary microvasculature was easily depicted in our study through the measurement of the EID, as the nitric oxide donor nitroprusside permits the relaxation of those cells. That parameter was high in young hearts and drastically decreased as soon as the young adulthood to values which were very close to those observed at the old age. Those results perfectly fit with the observations made by Toma et al. (1985) in the isolated guinea pig hearts. Energy is necessary for the relaxation of muscular cells and the low oxidative phosphorylation detected in the isolated mitochondria derived from young adult, middle-aged, and old hearts (cardiac homogenates of cardiomyocytes and vascular cells) could perfectly explain the age-related decline observed for EID that contributed to the progressive age-related loss of EDD.
The function of ECs is more difficult to evaluate. In the present study, we mathematically extracted from the EDD and EID curves a parameter that depicted the vasodilatation activity of ECs. Although that parameter is expressed in picomoles of nitroprusside, it does not reflect the vasodilatation activity resulting only from NO production, but it also takes into account all the vasodilatation agents produced by the ECs. Interestingly, the EC vasodilatation activity (ECVA) was strongly increased from youth to young adulthood. Thereafter, it progressively decreased until the old age to reach the value measured at the young age. These changes perfectly paralleled those of the Western Blot analysis of the phosphorylated eNOS, suggesting the involvement of nitric oxide. Furthermore, the amount of phosphorylated eNOS and ECVA followed similar trends as the glucose intolerance. As glucose intolerance is generally associated with increased fat mass and body weight, the increased ECVA could improve the maximal rate of coronary flow and physical activity of obese individuals.
Conclusions
The progressive changes of the functional behavior of ECs and SMCs occurring from youth to old age were studied. Our results indicate that a decline in EDD, which was due to functional modifications of both ECs and SMCs, was developed from youth to middle age. Between youth and young adulthood, the EDD decrease was due to a strong reduction of the SMCs function, but this was compensated by the enhancement of the ECs dilatation activity. Thereafter, between young adulthood and middle age, relaxation of SMCs stabilized, but EC dilatation activity significantly decreased. The aging-induced alterations of the SMC function could be explained by abnormalities of the energy metabolism, namely a reduction of the mitochondrial oxidative phosphorylation occurring as soon as young adulthood. Conversely, the ECs alterations could be related to the changes in glucose tolerance on eNOS activity. Overall, our study revealed that the decline in cardiovascular and mitochondrial parameters associated with later life cardiovascular incidents is already present in young adulthood. Thus, it seems important that interventions such as physical activity that aim to inverse these results and improve the cardiovascular function should begin at young age.
